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Abstract: This paper addresses the problem of the optimal stabilization of DC microgrids using a
hierarchical control design. A recursive optimal power flow formulation is proposed in the tertiary
stage that ensures the global optimum finding due to the convexity of the proposed quadratic
optimization model in determining the equilibrium operative point of the DC microgrid as a function
of the demand and generation inputs. An exact feedback controller with integral action is applied
in the primary and secondary controller layers, which ensures asymptotic stability in the sense of
Lyapunov for the voltage variables. The dynamical model of the network is obtained in a set of
reduced nodes that only includes constant power terminals interfaced through power electronic
converters. This reduced model is obtained by applying Kron’s reduction to the linear loads and step
nodes in the DC grid. Numerical simulations in a DC microgrid with radial structure demonstrate
the effectiveness and robustness of the proposed hierarchical controller in maintaining the stability of
all the voltage profiles in the DC microgrid, independent of the load and generation variations.

Keywords: global stabilization controller; microgrids; DC distribution grids; exact feedback
controller; proportional and integral actions; hierarchical control

1. Introduction
1.1. General Context

Electrical distribution networks with DC technologies have rapidly been incorpo-
rated in the current electric systems, mainly in high-voltage (transmission systems) and
low-voltage (i.e., microgrids) applications [1,2]. The operation with DC technology has
important advantages over conventional AC grids, such as reduced energy losses, better
voltage profiles, and absence of reactive or frequency concepts, which allow for the easy
control of these grids [3-5]. However, to make DC networks feasible, fundamental devices
that allow interfacing of renewable energies, energy storage devices, controllable loads,
and conventional AC grids are needed [6]. These devices are power electronic converters
that can be either AC-DC or DC-DC [7,8]; nonetheless, independent of the nature of the
power electronic interface, they are needed to implement efficient control methodologies
to ensure the secure (i.e., stable) operation of the whole network [9]. Note that in the
case of a DC microgrid, as presented in Figure 1, ensuring the secure operation is not
enough to ensure the correct operation of each converter. Rather, a complete grid operation
strategy is required for the entire microgrid, which is only possible with the application of
a hierarchical controller [10], where the primary and secondary control layers ensure the
correct operation of the converters and the third control layer is entrusted with defining
the best grid operative point as a function of the generation and load behaviors [11,12].
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Figure 1. Multiple constant power terminals interconnected into a DC microgrid.

1.2. Motivation

The recent advancements in DC networks and their high-efficiency levels (compared
with AC microgrids) served as our source of motivation to further research in this area
and to contribute to the topic of employing the hierarchical control design to microgrid
applications, where multiple constant power terminals are interconnected through a DC
distribution grid [13]. Hierarchical controllers are complex systems that are entrusted with
the safe operation of an electrical system where different dynamics interact; essentially,
a hierarchical controller can be considered as the brain of an electrical network, since it takes
decisions based on optimization concepts and sends these decisions to each controllable
device to execute these orders in the physical layer of the grid [14]. A general hiearchical
controller for DC microgrids is depicted in Figure 2 [11].
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Figure 2. General design of a hierarchical controller for DC microgrids.

Note that the hierarchical control design presented is only based on the measurements
available in the controllable devices, which are sent to the centralized controller through a
distributed communications network. Once the controller defines the references that must
be applied into the converters, these are sent to them again using the same communication
infrastructure [15]. It is worth mentioning that the usage of communication channels with
adequate protocols is one of the most important aspects in the adequate performance of
the smart controllers for electrical microgrids [16,17]. This is because they are responsible
for transporting valuable information regarding the measurements and control signals;
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hence, when possible these communication networks must be constructed with redundant
structure [18].

1.3. Review of the State of the Art

The extant literature in the field reveals multiple hierarchical controllers that have been
proposed for the management of energy in DC networks. Some of these are presented and dis-
cussed below. Authors of [11] proposed a primary-secondary control design for DC microgrids
based on the passivity properties of the dynamical model of the network. The authors proposed
the application of the interconnection and damping passivity-based controller with a pure
proportional gain. The proposed controller ensures asymptotic stability, and it uses a unique
parameter to control the entire DC microgrid. Numerical results of the study are interesting;
however, a comparison with classical controllers was not provided, and the DC microgrid was
simplified and solved through a differential equation package that does not include the dynamic
of the DC distribution lines by representing them with pure resistive effects. Montoya et al.,
in [15], proposed the improvement of the passivity-based controller presented in [11] with the
inclusion of an integral gain to reduce possible steady-state errors introduced by unmodeled
dynamics. Numerical results in a multi-terminal high-voltage DC (i.e., MT-HVDC) grid confirm
the effectiveness of including the integral action with respect to the pure proportional approach
stated in [11]. Authors of [13] proposed the application of the inverse optimal control (IOC)
design to stabilize MT-HVDC networks. The main contribution of these authors, as in [15],
was the inclusion of an integral gain, thus maintaining the asymptotic stability properties of
the studied controller. Numerical comparisons with passivity-based controllers show that the
proposed IOC design can have less oscillations with minimum settling times than the passivity
designs. Ashourloo et al., in [19], proposed the stabilization of a DC microgrid using the active
damping method. The tuning of the parameters of the controller was carried out using the
particle swarm optimization method. Numerical results show that in the proposed approach
the constant power terminals change their power consumptions and the voltage profile remains
stable with asymptotic convergence. However, the authors do not compare their proposal with
other control methodologies, which makes it difficult to measure the real efficiency of the pro-
posed active damping controller. Grisales et al., in [20], proposes an energy management system
for DC microgrids based on photovoltaic generation, energy storage systems, and constant
power loads. The controller design ensures asymptotic convergence to the desired voltage
profile through the application of the sliding control method. Numerical results ensured that
the maximum power point tracking of the photovoltaic generation is always reached using the
battery to compensate the load power requirements; nonetheless, no comparisons with other
control techniques were provided by the authors of this study.

It is important to mention that most of the reports about control applications focus on
a particular application with reduced number of converters [21]. Thus, the control design
using hierarchical controllers that allow stabilizing DC networks to their voltage references
using optimization in the tertiary control is an area that requires urgent developments since
few studies are available in the existing literature for this research field.

1.4. Contribution and Scope

Based on the review of the state of the art presented in the previous section, the main
contributions of the present research are listed below:

*  The global stabilization of the voltage profiles in a DC microgrid by using an exact feed-
back controller design with integral gain. This controller helps to ensure asymptotic
stability in the sense of Lyapunov during closed-loop operation. The main advantage
of this control design is that the voltage variables are stabilized in their references in a
settling time that does not exceed 10 ms.

*  The usage of a quadratic convex approximation to solve the optimal power flow
problem in the tertiary control stage. This optimal power flow formulation has the
main advantage of ensuring the global optimum finding convergence owing to the
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convexity of the solution space regarding the power flow equations since these are
recursive linearized through a Taylor’s series approximation.

Note that the hierarchical controller design using the quadratic convex power flow
in the tertiary control stage, with the exact feedback control design added in the primary-
secondary control stage, has not previously been reported in the specialized literature. This
was identified as an opportunity for research, and the present paper aims to contribute to
this end.

It is worth emphasizing that the proposed hierarchical controller assumes a centralized
communication system where all the measurements in the power electronic converters, i.e.,
voltage and currents, are available. In addition, it is assumed that the power injections in
renewable energy sources and the expected demand in constant power loads are provided
to the optimal power flow problem by a prediction system, which implies that they are
considered exogenous inputs, which are non-controllable in the current study.

1.5. Organization of the Document

The remainder of this document is structured as follows: Section 2 presents the
dynamical model of a DC microgrid with multiple constant power terminals. Section 3
presents the design of the exact feedback controller with integral action, and it also provides
the proof of asymptotic convergence. Section 4 shows the optimization methodology to
determine the voltage references through the solution of a quadratic convex optimal power
flow model. Section 5 summarizes the main aspects of the proposed hierarchical controller
through a pseudo-code. Section 6 presents the main simulations in a 10-bus DC microgrid
and compares the exact feedback controllers with nonlinear controllers based on passivity
and inverse optimal control theory. Finally, Section 7 presents the main conclusions derived
from the present study as well as some recommendations for future research.

2. Grid Modeling

The electrical representation of a DC microgrid can be made by considering that the
power electronic converters that are interfaced with the constant power terminals can
operate as current-controlled sources [13]. Let us consider a general representation for a
general k node in a DC microgrid, as illustrated in Figure 3 [15].

Bus k

Figure 3. Equivalent model for a DC constant power terminal.

In Figure 3, c; represents the output capacitance of the converter that interfaces the
constant power terminal, which absorbs or injects the power py, g is a possible linear load
connected at node k, vy is the state variable relating to the voltage behavior at the node &,
and 7 represents the net injected current to the DC microgrid [11]. If Kirchhoff’s first law
is applied to the node k, then the following first-order nonlinear differential equation is
obtained [11]:

d .
Ck 77 Ok = % — SkUk — ik- 1)

In the case of a microgrid with n nodes and s constant power terminals (s < n), it
is possible to represent the net power injections/absorptions, in the s terminals, using
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Kron’s reduction. A general DC grid can be represented by the classical nodal admittance
(conductance for DC networks) matrix equivalent in steady state conditions as follows:

Is||Gss Gsrl| | Vs
e sl g

where G5 € RS*%, Gs, = G € R®*", and G,, € R™" are the conductance submatrices that
relate nodes with power electronic converters and step-nodes or nodes with linear loads,
I, € R™1 is the current injected in step- and linear loads, and V, € R"*! corresponds to the
voltages in these buses [11].

The application of Kron’s reduction is based on the following assumption: The total
injected current in step-nodes and pure linear loads is null (i.e., I, = 0), since the effect of
these linear loads can be completely included in the equivalent grid admittance matrix.
With this consideration, the equivalent injected current in the constant power terminals
takes the following form [15]:

Is = (Gss - Ger;flGrs>V5 = Hg V. 3)

Now, note that to generalize the representation of the s constant power terminals, the
nonlinear differential equation in (1) can be rewritten in a matricial form as presented below:

CsVs = diag 1 (Vi) Ps — G5 Vs — I, (4)

where C; is a positive definite diagonal matrix that contains all the capacitive effects in the
constant power terminals; V; is the vector that contains all the voltage profile in the reduced
set of nodes s; Ps is the vector that contains all the constant power consumptions/absorp-
tions in the constant power terminals; and G; is a constant diagonal semidefinite matrix
that contains all the linear loads connected in parallel in the constant power terminals. Note
that diag™!(V;) is a positive diagonal definite matrix that contains all the inverse voltages
of the reduced set of nodes s.

To obtain the general grid equivalent dynamic model that represents the behavior of
the voltage profiles in the set of nodes s, (2) is substituted in (4), taking into account that
Jss = Gs + Hss:

Cs Vi = diag 1 (V)Ps — Jes V. (5)

It is worth emphasizing that (5) corresponds to a set of nonlinear differential equations
that defines the voltage behavior of the DC microgrid as a function of the amount of
constant power injection/absorption in the constant power terminals, which are the control
variables of this nonlinear model.

To apply the exact feedback control design to the dynamical system (5), let us consider
the representation of this system with the state variables x as Vs and the control input u as
P;. These definitions allow representing (5) as follows:

Csx = diag ™ (x)u — Jesx. (6)

3. Exact Feedback Controller Design

The exact feedback nonlinear control design is a well-known control technique for
nonlinear dynamical systems that has the ability to ensure asymptotic stability in the sense
of Lyapunov from a particular set of dynamical models, which includes electrical and
mechanical systems [22,23]. Note that using the general dynamical structure in (6), it is
possible to define the exact feedback controller including an integral action as follows:

u = diag(x) (Jssx* — Kp% + Kiy), )
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y=-% (®)

where x* is the equilibrium point of the dynamical system (i.e., the desired operative point);
% is the error vector that measures the difference between the current value of the state
variables and their reference point, i.e., ¥ = x — x*; y is the integral of the error vector;
and Kj and K; are positive definite symmetric matrices related with the proportional and
integral control gains respectively.

To ensure that the control law (7) and (8) have asymptotic convergence of the state
variables to the reference point, let us consider the following candidate Lyapunov function:

5 1. 1
V(%) = 5 TCsx + EyTKiy, 9)

which fulfills the first two Lyapunov stability conditions, i.e., V(%) > 0 Vx # x* and
V(X) = 0 Vx = x*. Now, taking the time derivative of this function considering that ¥ = ¥,
since x* is a constant equilibrium point, we obtain the following result:

V() =7"Csx +y' Ky,
=z (diag_l(x)u - ]ssx> —y K%
=& (Josx* — Kp% + Kiy — Jssx) —y' KX,
=x' (_]ssJZ - KpJz + sz) - ]/TKif/
V() = —x (Js + Kp)% < 0. (10)

Note that to obtain (10), the fact that yTKpZ = %Ky is considered, since the integral
gain matrix is symmetric. In addition, the result in (10) shows that the state variable
converges asymptotically to the desired operative point, as demonstrated in [24]. Now, the
main challenge in the hierarchical control of a DC microgrid is to determine the desired
reference point. This calculation will be presented in the next section.

4. Equilibrium Point Calculation

To determine the equilibrium point, where the state variables x must be stabilized, it
is necessary to solve the set of nonlinear equations that results when & = 0 in (6), i.e.,

diag ! (x)u — Jisx =0,
u = diag(x)Jssx. (11)

This set of equations is popularly known in the literature as the power flow problem
for DC networks [25]. However, in the case of hierarchical control, the tertiary stage
(optimization stage) is entrusted with determining the best set of x* that optimizes some
performance indicator for the DC grid. This indicator can be technical or economical; here,
we adopt the minimization of the total grid losses for a particular injection/absorption
in the constant power terminals. The equivalent optimization model that must be solved
corresponds to the optimal power flow presented below:

Obj. Func. min Pjogq = x ' Jesx,
Subject to: u = P§ — P4 = diag(x)Jssx, (12)
Psg,min < P§ < ng,max
xmin S X S xmax,
where P§ € R"*1 is the vector that contains the constant power generations; P¢ € R"*1 is
the vector that contains all the constant power demands; x™" € R"*! and ™ € R"*! are

the vectors with the minimum and maximum voltage regulation bounds of the network
respectively; and Py, is the objective function value associated with the grid power losses.
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To solve the nonlinear non-convex optimization model (12) it is possible to use semidef-
inite programming [26] or second-order cone programming [23]. However, even if these
methodologies ensure the global optimum finding, they increase the number of variables
in s?, adding to the impracticality of their use in large-scale applications. For this reason,
here we use a recursive solution that maintains the number of decision variables constant
at each iteration. Further, it converts the quadratic nonlinear optimization model (12) into a
quadratic programming model with linear constraints. The recursive power optimal power
flow solution takes the following form [27]:

Obj. Func. min Pjygs = x T Jssx,

diag(xg)Jssx+
Subject to: u = P$ — P? = | diag(x)Jssxo— |, (13)
diag(xo)]ssxo
pemn < pS < pIme

xmm S x S xmax,

where x( represents the initialization of the voltages at the first iteration. Note that the
convergence of the recursive optimal power flow in (13) is reached when the maximum
error between x;,1 and x; is less than or equal to a desired tolerance ¢, i.e.,

max{|x;41 — x¢|} < e (14)

5. Hierarchical Proposed Controller

The proposed hierarchical controller works in the primary-secondary stage with the
exact feedback controller, which is entrusted with carrying all the state variables (voltages
in the reduced set of nodes s) to their desired values x*. To do so, the control diagram
depicted in Figure 4 is used for each power electronic interface [15].

* * ko
X = [0, e Ve,

]T

Proposed exact feedback controller

Figure 4. Application of the exact feedback controller in the primary-secondary control stage for
voltage stabilization in DC microgrids.

Algorithm 1 is executed to send the control signal for each constant power terminal.
Note that i represents the starting time when the proposed hierarchical controller starts to
optimally stabilize the DC microgrid.

It must be emphasized that the proposed hierarchical controller in Algorithm 1 is a
centralized controller since its implementation requires that all the voltages and powers are
available to generate the set of control signals to all the converters, as presented in Figure 4.
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Algorithm 1: Hierarchical control design for stabilizing DC microgrids.

Data: Define DC grid topology and read the available power generation and

consumptions.
e=1;
forh > hy do
if e == 1 then

Solve the recursive optimal power flow model (13) ;

Apply the control law in Equations (7) and (8) at each converter (see
Figure 4);

e=0;

else

if any power injection (generation) has changed, then
L e=1;

if any power consumption (load) has changed, then

Le:l,'

6. Numerical Validation

All simulations were carried out in MATLAB using its 2021b version on a PC with
an AMD Ryzen 7 3700 2.3-GHz processor and 16.0 GB RAM, running on a 64-bit version
of Microsoft Windows 10 Single Language. The electrical network was implemented
with the help of the Simulink/Simscape environment. All the electrical values at the
constant power terminals were measured with voltage and current measures, which were
compacted and sent to the centralized controller. In addition, the exact feedback controller
was implemented used MATLAB functions. All the simulations were carried in the discrete
domain using a processing time of 1 ps.

To demonstrate the effectiveness and robustness of the proposed hierarchical controller
design, a DC microgrid composed of ten nodes is considered, which includes the slack
source, two batteries, two renewable generators, and two constant power loads. The
electrical configuration of this grid is depicted in Figure 5. The slack bus is operated with
48 V for this test feeder.

O
. Batteries

.Constant power loads

ac

dc| slack (v)

Figure 5. Electrical configuration of the 10-bus DC microgrid.

The electrical parameters associated with the resistances and inductances of the distri-
bution lines for the 10-bus DC microgrid are listed in Table 1.
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Table 1. Line parameters for the 10-bus DC microgrid.

Line Ri]' Q) Li]' (HH) Line Ri]' Q) Li]' (MH)
1-2 0.015 8.40 104 0.023 7.40
1-8 0.025 11.0 10-5 0.030 12.0
8-3 0.022 9.00 9-6 0.035 12.8
89 0.020 11.6 9-7 0.015 7.60
8-10 0.017 8.00 — — —

For the constant power terminals, i.e., nodes 1 to 7, the electrical parameters associated
with the capacitances and the power injection/absorption are reported in Table 2. Note

that the negative sign indicates that the node is absorbing power. Further, Pij represents the
constant power value at node i in the period j.

Table 2. Line parameters for the 10-bus DC microgrid.

Node i C; (uF) P! (W) PZ (W) P} (W)
1 150 0 0 0
2 250 —800 400 0
3 150 —1200 —1500 —1000
4 220 900 1350 1100
5 250 —500 ~750 300
6 200 1000 750 1500
7 100 —1500 —1250 —850

Now, considering the information for each period of time listed in Table 2, the optimal

power flow model (13) is solved to find the voltage reference for each period of analysis.
The voltage behavior for each of the nodes in the set s is listed in Table 3.

Table 3. Voltage profiles of each of the nodes in the set s for each period of time.

Node i V1 (pu) V2 (pu) V3 (pu)
1 1 1 1
2 0.994764253626580 1.00259742007562 1
3 0.973238415687759 0.968970081003587 1.00092826199327
4 0.996925391824877 1.001496136245050 1.03114934372463
5 0.981278682600566 0.978054965927660 1.02431368520600
6 0.995569447311769 0.990646859924155 1.03767163982958
7 0.970245766697465 0.970762943642638 1.01023463026772

To verify the results of the optimal power flow model (13) and to ensure that the
solution of the voltage profiles is indeed the optimal, the classical power flow method
based on the Newton-Raphson method, as reported in [25], was used. Numerical results
showed that the error between the results of the two methods was less than 1 x 10710,

6.1. Tracking References

In this simulation scenario we evaluate the effectiveness of the proposed exact feedback
controller with integral action to track the equilibrium points provided by the optimal
power flow solutions. The voltage behavior at nodes 2, 4, and 7 are depicted in Figure 6.
These nodes are selected since each one of them has a different device connected to them:
a battery package at node 2, a renewable energy resource at node 4, and a constant power
demand at node 7.
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Figure 6. Comparison between the voltage references and the grid voltage outputs at some nodes of
the 10-bus DC microgrid: (a) voltage at node 2, (b) voltage at node 4, and (c) voltage at node 7.

The following observations can be noted from the output voltage behaviors presented

in Figure 6:

v Each of the voltage profiles of the network reaches its reference value within a settling
time less than 10 ms, which is quite fast, considering that the constant power terminals
vary their behavior every 100 ms.

v The state variables exhibit an oscillatory behavior around their reference. In the case
of node 2, the maximum overshot was about 51.38 V when the simulation time was
100 ms, which amounts to about 3.30 V with respect to the desired voltage reference,
which is a typical tolerable voltage variation in a DC microgrid. The maximum values
at nodes 4 and 7 were 52.46 V and 50.76 V respectively.

The numerical results in Figure 6 were obtained when the proportional and integral
gain matrices, i.e., K, and K;, were set as 5/;s and 5000]ss respectively.

Figure 7 presents the power output at terminals 2, 4, and 7 when the voltage and
current measurements are connected to the point where the converter is coupled with the
DC grid (see current i, in Figure 4).



Computers 2022, 11, 22

11 of 16

W)

(@ P (

(b) Py (W)

(c) P (W)

1,000.0
800.0
600.0
400.0
200.0

0.0

—200.0

—400.0

—600.0

—800.0

—1,000.0

Reference 123 1

0.000

0.025

0.050 0.075 0.100 0125 0.150 0175 0200 0225 0250 0.275  0.300

1,500.0
1,400.0 |-
1,300.0 |-
1,200.0 |-

1,100.0

1,000.0

T

T T T T T T T T T T

900.0

Reference Py

800.0

0.000

—500.0
—600.0
—700.0
—800.0
—900.0

—1,000.0 |
—1,100.0 |
—1,200.0 |
—1,300.0 |
—1,400.0 |

—1,500.0
—1,600.0
—1,700.0

0.000

il
0.025

il il il il il il il il il il
0.050 0.075 0.100 0125 0.5 0175 0200 0225 0250 0.275  0.300

T

T T T T T T T T T T

B :

Reference

P7}:

|

0.025

0.150  0.175 0200 0225 0250 0275 0.300

Time (s)

0.050 0.075 0.100 0.125

Figure 7. Power behavior at some grid terminals: (a) power at node 2, (b) power at node 4, and
(c) power at node 7.

The following observations can be highlighted from the power behavior at the constant
power terminals: (i) The battery connected at node 2 absorbs 800 W during the first 100 ms,
following which it provides about 400 W of power to the grid in the time period between
100 s and 200 ms; the battery does not provide/absorb energy after 200 ms. These behaviors
demonstrate that batteries can work as a demand, as a generator, or as a neutral device,
depending on the grid requirements and the available energy stored in it; (ii) The constant
power terminal 4 works as a generator since the power is positive in all the periods of time
analyzed; and (iii) The constant power terminal in bus 7 is a constant power demand since
in all the analyzed periods of time it only absorbs power from the grid.

However, the main result that can be extracted from Figure 7 is that in all of the cases
once the voltages are stabilized around their references, then all of the power injection-
s/absorptions in the constant power terminals reach their optimal values. This proves
that the proposed hierarchical controller stabilizes the state variables of the network in an
asymptotic manner, as the theoretical development has affirmed.
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6.2. Current Behavior in a Step-Node
To demonstrate that the proposed controller ensures the correct operation of the whole
DC microgrid, here, we select the step-node 8 to present the behavior of the currents in its
adjacent lines as well as the total net current injection. The behavior of the currents in the
lines that connects with the node 8 are depicted in Figure 8.
30-0 T T T T T T T T T T T
20.0 ( — hs — I .
— L wo——Is=hL-s—Isz9—Ig 10
g 10.0 .
2 0.0
2 ool
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E |
— —30.0 - L -
—40.0 |- |
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Time (s)
Figure 8. The behavior of the line currents adjacent to node 8 and the net injected current at this node.
The behavior of the currents at node 8 shows that for each voltage reference in the
constant power terminals the currents adjacent to this node change their behavior to
maintain the power equilibrium in the whole DC microgrid. In addition, the main result
in Figure 8 is the confirmation that the net injected current at this node, i.e., Ig, is zero for
all the periods of time, which implies that the net injected power at this node is also zero.
This result is very important since during the controller design node 8 was reduced using
Kron’s reduction; however, the operation of the complete microgrid is not affected by this
reduction, which confirms the effectiveness of the proposed hierarchical control design to
hold the DC network stable under load variations.
6.3. Comparison with Passivity and Inverse Optimal Controllers
To demonstrate that the proposed hierarchical control design based on the exact
feedback controller (EFC) with integral action is more efficient in stabilizing the grid when
compared with nonlinear controllers from the same family, the following simulation is
developed. From 0 ms to 100 ms, node 6 maintained a reference of 46 V; however, after
100 ms, this node reaches a reference of 50 V. Note that the voltages in all the other nodes
remain consistent with the reference reported in Table 3. Figure 9 presents a magnified
view of the area between 95 ms and 115 ms to show the effect of each controller on the
voltage profile at node 6.
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& 480 .
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45.0
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0.097 0.098 0.099 0.100 0.101 0.102 0.103 0.104 0.105
Time (s)

Figure 9. Comparison of the controllers’” performance in reaching a voltage that corresponds with the
reference value.



Computers 2022, 11, 22

13 of 16

Slack power (pu)

The formulation of the passivity-based controller (PBC) can be found in [11], which
takes the form presented in (15), while the inverse optimal controller (IOC) was reported
in [13] with the form defined in (16):

UpBC = diag(x)(]ssx - ]/‘]ssf (15)

)
1. -
toc = —5diag™ () (V)ss¥ + 3ssy), (16)
y=7

where y and 7y are set as 5, and ¢ is equal to 5000. These value are selected to ensure that all
the controllers have a comparable performance.

Voltage curves in Figure 9 show that (i) the proposed EFC and the PBC have similar
performances regarding voltage peak and settling time; this occurs because the PBC is a
particular case of the proposed controller without integral action, as can be seen when
the proposed controller in (7) is compared with the passivity-based approach in (15); and
(if) the IOC does not present an overshoot as in the cases of the PBC and EFC; however, its
settling time is greater than 5 ms in the studied case. This is attributable to the controller
form since this case does not include the effect of the conductance matrix and the state
variables or the desired reference in the control formulation (16), as in the cases of the
passivity-based and exact feedback controllers. In addition, the IOC works with the inverse
of the voltage profiles, while the other two controllers use these voltages in a proportional
manner, which can affect the final performance of the controller.

It is important to emphasize that all the compared controllers can be considered
adequately capable of stabilizing the state variables (i.e., voltages) in DC microgrids.
Further, its numerical performance will also be the same if a specialized optimization
technique is applied to tune all the controller parameters [13], since all of these controllers
are from the family of the Lyapunov-based control designs.

An additional comparison to show the effectiveness of the studied controllers in
maintaining stable power flow is presented in Figure 10, where the output power in the
slack node is presented for each one of the studied controllers.
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Figure 10. Comparative power output in the slack source for all the studied controllers.

The behavior of the power output in the slack source for the different controller
designs show that all the controllers effectively stabilize the power flow generation in the
slack node, which clearly depends on the constant power terminals and their behavior
during each period of time. However, we can note that the behavior of all the controllers is
very similar to a first-order system, with the proposed EFC and the PBC having control
approaches with better settling times. These settling times can be better observed in the
magnified view presented in Figure 11, which shows that the EFC and the PBC takes about
5 ms to reach a stable behavior, similar to the behavior explained for voltages in Figure 9.
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Figure 11. Zoomed-in area between 95 ms and 105 ms for the slack power in the studied hierarchical
controller design.

6.4. General Commentaries

The proposed hierarchical controller design based on the application of the recursive
optimal power flow solution in the tertiary stage and the exact feedback control design in
the primary-secondary stages can have the following limitations:

V' The requirement of a complete communication structure that connects all the con-
trollable constant power terminals and the slack source, which permits obtaining all
the information so as to solve the recursive power flow problem using a centralized
computation center. These information will be sent to the local controllers using the
same communication system. For this reason, it is recommended to have a redundant
communication system to ensure the correct operation of the proposed hierarchical
controller.

v" The proposed hierarchical controller design assumes that the local current controllers
in the power electronic converters that interface the loads are faster than the centralized
controller since they can help with the stabilization of the grid in the case of sudden
load variations or grid topology changes, even if the tertiary controller has not updated
all the reference signals.

7. Conclusions

The problem of the optimal stabilization of DC microgrids was addressed in this
research from the perspective of the hierarchical control design. In the tertiary control stage,
an optimal quadratic convex power flow formulation was employed to define the reference
points for the voltage profiles; in the primary-secondary control stage, the application of the
exact feedback controller design with integral action was proposed. The main advantage of
this controller is that the asymptotic stability in the sense of Lyapunov was ensured taking
advantage of the well-known proportional-integral gains.

Numerical simulation in a 10-bus DC microgrid with multiple constant power termi-
nals demonstrated that the proposed hierarchical controller allowed the desired voltage
reference to be reached with settling times less than 10 ms; in addition, the overshoots of
the voltage variables after applying step references were less than 4 V for all the simulation
cases. Furthermore, numerical comparisons with passivity-based and inverse optimal
control designs confirmed the effectiveness of the proposed controller in stabilizing the
voltage variables into their reference with asymptotic convergence and faster settling times.

The comparison of the output power in the slack source for the proposed EFC and
for the comparative methods, i.e., the PBC and the IOC, showed that the behavior of this
variable is similar to a first-order system, with the settling times for the EFC and the PBC
being about 5 ms, while the IOC took more than 10 ms to stabilize the output power in the
slack bus.

Future studies can develop the following research trajectories: (i) The complete dy-
namics of each DC-DC converter that interface renewable energy resources, energy storage
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devices, and controlled power loads can be included in the proposed hierarchical con-
troller; (ii) The proposed controller can be extended to AC microgrids with constant power
terminals; and (iii) The proposed hierarchical controller design can be validated for DC
microgrids with an experimental platform.
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